The rate of heat transfer on the tip of a turbine rotor blade and on the blade surface in the vicinity of the tip, was successfully predicted. The computations were performed with a multiblock computer code which solves the Reynolds Averaged Navier-Stokes equations using an efficient multigrid method. The case considered for the present calculations was the SSME (Space Shuttle Main Engine) high pressure fuel side turbine. The predictions of the blade tip heat transfer agreed reasonably well with the experimental measurements using the present level of grid refinement. On the tip surface, regions with high rate of heat transfer was found to exist close to the pressure side and suction side edges. Enhancement of the heat transfer was also observed on the blade surface near the tip. Further comparison of the predictions was performed with results obtained from correlations based on fully developed channel flow.
high rate of heat transfer to the blade tip and the blade suction surface in the vicinity of the tip. To date several attempts have been made to obtain better understanding of the physics of flow in the tip gap region as well as to assess the dominant mechanisms of heat transfer in order to _ze the negative impact of this flow. These attempts have been analytical and numerical as well as experimental. Mayle and Metzger (1982) demonstrated that the tip clearance flow is composed mainly of mainstream blade passage fluid. They also concluded that the flow in the tip gap region, viewed from a coordinate system fixed to the blade, is analogous to a duet entrance flow with the opposite wall moving. They hypothesized that, since the major resistance to turbulent heat transfer is within the viscous sublayer and the buffer layer adjacent to the wall, for a small enough dimensionless gap length the rate of heat transfer on the tip surface can be directly taken from experiments without a moving wall. They showed this to be true experimentally for a range of dimensionless rotation parameter as well as a range of dimensionless gap length and Reynolds numbers. This latter conclusion has been the basis of many experimental measurements of the blade tip heat _ansfer.
Metzger et al. (1989) used the conclusions from the aforementioned study to investigate the heat transfer on a grooved turbine blade tip model. They studied the tip heat transfer using a stationary shroud and showed that for a fiat tip case, the rate of heat transfer displays a maximum value a short distance downstream of the entrance contraction, as is the case for the abmpt pipe entrance flow, and that this maximum was as much as approximately 100% above the fully developed value.
Moore et al. (1989) made two-dimensional velocity calculations for a simplified incompressible turbulent tip clearance flow for two cases. One of these eases had a pressure side/blade tip corner at a 70 degree chamfer and the other case had a 90 degree corner. They showed that the effect of chamfering the corner was to reduce the size of the separation bubble formed on the tip surface. They solved the energy equation and showed good agreement with experimental results of Metzger and Bunker (1985) , who measured a larger peak augmentation of heat transfer coefficient for the right angle corner.
Another notable work in the area of the prediction of tip heat transfer was performed by Metzger, Duma and Hah (1991) . In that work the authors used the fully developed duct correlation developed by Boelter et al. (1945) . This correlation requires the calculation of the channel Reynolds number based on the averaged flow velocity. To obtain the average velocity of the flow through the gap, they used the results of a threedimensional Navier-Stokes calculation to obtain the leakage flow rate. They assumed an augmentation factor of 2.3, based on the data of Metzger et al. (1989) , to estimate a heat transfer coefficient representing the case they considered. A comparison with the experimental data taken on the tip from the leading edge to about 30 percent chord showed good agreement.
The rate of heat transfer on the blade surface near the tip is greatly modified due to the tip clearance flow.
Near the tip, on the suction side of the blade, the blade thermal loading is increased due to the roll up of clearance flow and formation of a vortex (Rued and Metzger, 1989) . On the pressure side the increase in thermal loading is due to the sink like behavior of the leakage flow (Metzger and Rued, 1989) .
In this paper we calculate the rate of heat transfer to the blade surface and the tip surface by employing a Navier-Stokes solver. The entire blade surface is included in the computations and the effect of the tip clearance flow on the blade surface heat transfer is isolated and discussed. The computations are performed using the code TRAF3DMB (TRAnsonic Flow Multi-Block of Steinthorsson et al., 1993) , which is a multibloek version of TRAF3D previously shown to be successful in predicting the blade surface and endwall heat transfer (Arneri and Amone, 1994a,1994b) . This modified computer code solves the Reynolds Averaged Navier-Stokes equations using an efficient multigrid method. The ease considered for the present calculations is the SSME (Space Shuttle Main Engine) high pressure fuel side turbine. Blade surface and tip heat transfer data were presented by Duma et al., (1994) and Dunn and Kim (1992) . In addition to the measured data, the computed tip heat transfer results are compared with predictions obtained from correlations developed for fully developed channel flow.
COMPUTATIONAL METHOD
The simulations performed in this study were done using a recently developed computer code called TRAF3D. MB (Steinthorsson et al. 1993 ). This code is a general purpose flow solver, designed for simulations of flows in complicated geometries. The code is based on the TRAF3D, an efficient computer code designed for simulations of flows in turbine cascades (Amone et al. 1991). The TRAF3D.MB code employs the full compressible Navier-Stokes equations.
To handle complex geometries, the code uses multiblock grid systems (i.e., non-overlapping "zoned" grids), but has the added capability of handling grids with noncontiguous grid lines across branch cuts. The TRAF3D.MB code was described in detail by Steinthorsson et al. (1993) . Some aspects of the formulation used in the code are the same as those described by Amone et al. (1991) . Only major aspects of the code will be described below. 
Bgundarv Conditions
The types of boundary conditions encountered in solving the problem at hand are as follows: The transition, as affected by the normal and unsteady wake passing processes on the blade is modeled using the method described by Mayle (1991) .
The application of the turbulence and transition model to the three-dimensional turbine blade heat transfer calculations is described in Ameri and Amone (1994a) .
In the tip region, the turbulence model is implemented separately for the tip surface and the shroud surface assuming fully turbulent flow.
COMPUTATIONAL GRID
The calculations are performed using a grid system with three blocks. Two of the blocks, shown in Figure 1 , are C grids that wrap around the turbine blade. The third block shown in Figure 2 , is of the O type and covers the tip clearance.
The C-grid is of the so-called 'nonperiodic' type (Araone et al. 1992) . This means that the number of transverse C-grid lines on the pressure side of the wake line do not correspond with the number of grid lines on the suction side. This allows better control over the grid point distribution and grid skewness. The C-grid is generated by using an elliptic scheme to construct an "inviseid'" grid and the viscous grid is made by embedding grid lines in the vicinity of the no-slip boundaries with the desired wall spacing. The hub to tip grid is constructed by radial stacking of the C grid. This is done using geomelrie stretching.
The first grid lines parallel to the hub or the shroud endwall are constructed to lie within the viscous sublayer.
The O-grid used for the tip clearance is generated algebraically. The transwerse grid lines span the distance between the mean camber llne and the corresponding grid node on the C-grid. Figure 3 shows a picture of the grid located on the blade tip. The grid is refined close to the edge of the blade to allow for the large variations in the flow in that region. The O-gridis also stacked in the spanwise direction using geometric stretching.
RESULTS AND DISCUSSIONS
The case chosen for this study is the first stage rotor of the two stage Rocketdyne Space Shuttle Main Engine (SSME) high pressure fuel turbine. For this rotor, the tip clearance is 2 percent of the span.
Dunn and Kim (1992) The flow conditions used in the experiment and current predictions are as given in Table 1 . Additional information required, such as the inlet angle profile to the blade and the static to absolute total pressure ratio across the blade row, was obtained by the analysis of the turbine using the MTSB code (Katsanis and MeNally, 1977) . Simulations of the flow and heat transfer on the blade and tip gap surfaces were performed using three multi-block grid schemes of varying grid densities to be described later.
The three grid schemes will be described below.
Subsequently, results of the simulations of the tip clearance flow will be discussed briefly. Lastly, the heat transfer predictions for the tip and the blade surface will be presented and compared with experimental data of Dunn and Kim 0992) as well as with relevant empirical correlations.
(_rid System
Multi-block simulations of the flow and heat transfer on the blade and tip gap surfaces were performed using three *did schemes of varying grid densities. The grid schemes are designed to allow investigation of the required resolution for attaining accurate prediction of the rate of heat transfer on the blade tip as wen as on the blade surface. The three grid schemes used in the multiblock calculations are referred to as grids A, B and C.
The dimensions of the hub to tip and tip to shroud Cgrids and the tip clearance O-grid are given in Tables 2 and 3. Note that the regions specified in Table 2 relative to the blade tip. Figure 4 shows the direction of the flow in the mid-gap height of the tip clearance. In Figure 5 , the tip leakage vortex on the suction side and tip separation vortex on the blade tip can he identified. The presence of these vortices has a large effect on the rate of heat Wansfer to the blade tip and to the blade surface. This effect will be described subsequently.
,Tip Heat Transfer
In the figures to follow, the definition of the Stauton number is:
(fn/A) lCp (Tw-T t)
The predictions obtained using the three grid schemes are shown in Figure 6 and compared with the experimental data of Dunn and Kim (1992) . The results of the runs using grids B and C in Figure 6 show the predictions to be more sensitive to times the clearance gap (3 hydraulic diameters) at-32% chord. This reduces to approximately 1.5 times the clearance gap (.75 hydraulic diameter) in the downstream portion of the blade. Based on the above information, therefore, an estimated enhancement factor of 1.5 is quite justifiable. Figure 7 also contains the prediction obtained using the procedure described as item "b" above. This latter method is more likely to be used because of the usual availability of pressure distribution information. This method provides a quick means of estimating the magnitude of the heat transfer rate on the tip surface.
Tip surface. Figure 9 exhibits the variation of the heat transfer rate in terms of Stanton number on the tip of the gradients can be seen to exist at those locations, causing local acceleration of the flow and a commensurate increase in the rate of heat transfer. Figure 9 shows the complex heat transfer pattern that exist on the tip surface of the blade. Obviously, aside from the regions experiencing entrance type of flow effect, the rest of the tip surface is not amenable to simplified analysis. Figure 11 shows the predictions of the rate of heat transfer at 90% span using the three different grid schemes and comparison with the experimental data. The rate of heat Ixansfer on the surface of the blade is greatly affected by the tip clearance flow. It was noted by Rued and Metzger (1989) and Metzger and Rued (1989) that near the tip, the rate of heat transfer is increased on the 
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Finally, Figure 13 shows the comparison of the 
SUMMARY AND CONCLUSIONS
In this work the effect of the tip clearance flow on the rate of heat transfer to the blade surface and the tip surface was studied. The case considered for the calculations was the SSME (Space Shuttle Main Engine) high pressure fuel side turbine.The prediction of the mid-camber line heat um_sfer on the tip surface matched the available measured datareasonably well. Large rates of heat transfer were observed near both the pressure and suction side edges of the tip surface. It was observed that on the blade tip surface heat transfer enhancement is due to the entrance effect as well as flow acceleration. The usefulness of commonly used correlations for the rate of heat transfer on the tip surface was found to be limited.
The blade surface heat transfer close to the tip was found to be greatly modified due to the presence of the tip vortex on the suction side and the sink flow on the pressure side as expected. The predictions in that region agreed well with the measurements.
Further studies of the effect of gd'd resolution and distribution in the tip gap is ongoing.
near the blade tip. The evidence of the effect of the tip vortex on the suction side can be clearly seen from those figures. Looking to the pressure side, the increase in the rate of heat transfer in the vicinity of the blade tip is also evident. This is in agr_ment with the experimental 
